This review summarizes the current knowledge on the role of circulating miRNAs as clinical diagnostic biomarkers and highlights the challenges that need to be addressed in future studies for a successful translation of circulating miRNAs into a novel diagnostic tool.
Introduction
The search for reliable minimally invasive or non-invasive tests for the diagnosis of disease, monitoring its progression, and response to therapy continues to be of great importance for clinical medicine. Remarkable technological advances have substantially increased diagnostic accuracy; however, there are still substantial gaps related to disease diagnosis in a general human population setting.
The discovery and elucidation of a fundamental role of microRNAs (miRNAs) in the pathogenesis of a broad range of human oncological and non-oncological diseases, and the discovery of the presence of cell-free miRNAs in the blood stream inclined researchers to investigate the role of miRNAs as potential non-invasive biomarkers. The result of this research has documented an existence of quantitative and qualitative differences in the levels of circulating miRNAs between healthy and diseased individual suggesting that miRNA alterations may be sensitive indicators of various pathologies. Remarkably, it has been suggested that miRNAs may be used as several categories of biomarkers, including diagnostic, prognostic, monitoring, risk, and safety biomarkers. 1 However, despite of an extensive research, circulating miRNAs have not entered yet the field of clinical medicine, and many questions related to the significance of the observed miRNA alterations and challenges in translating the potential of circulating miRNAs into a novel diagnostic tool still remain.
Circulating miRNAs: A brief overview
The discovery of miRNAs in 1993 by Lee et al. 2, 3 and rapid expansion of research on miRNAs convincingly established the significance of miRNAs as major negative regulators of gene expression of hundreds of protein-coding genes in diverse physiologic processes. 2, 3 miRNAs are a class of small evolutionary conserved endogenous single-stranded, non-coding RNAs, 18-24 nucleotides in length. 4 The primary function of miRNAs is regulating gene expression at the post-transcriptional level by degrading or blocking translation of messenger RNAs (mRNAs) through sequence-specific binding. miRNA-encoding genes are transcribed in the nucleus by the RNA polymerases II and III as long primary transcripts (pri-miRNAs), 100-1000 nucleotides in length, that are later cleaved to precursor miRNAs (pre-miRNAs). The pre-miRNAs are exported to the cytoplasm by Exportin 5. In the cytoplasm, pre-miRNAs are processed by the double-stranded RNA (dsRNA)-specific RNAse III Dicer first to miRNA/miRNA duplexes, and then to mature single-stranded miRNAs that are incorporated into RNA-induced silencing complexes (RISC). The portions of miRNAs are released from cells into the extracellular environment as (i) multi-vesicular bodies, secreted as exosomes or (ii) associated with protein complexes, e.g. miR-high-density lipoproteins (miR-HDL) and miR-Argonaute 2 (miR-Ago2) complexes.
Currently, it is established that miRNAs are actively involved and altered in various pathologies, and numbers of aberrantly expressed disease-associated miRNAs continue to expand rapidly. An extensive list of abnormally expressed disease-specific miRNAs has led to the suggestion that altered levels of miRNAs may be useful as a biomarker of disease. Indeed, numbers of studies have demonstrated that normal and pathological tissues can be distinguished by altered miRNA profiles; however, while this may provide valuable inside into the underlying mechanisms and pathogenesis of disease, it has limited practical application for the diagnostic or prognostic purpose due to their invasive nature. This substantially changed in 2008, when three independent studies reported that tissue-and organ-specific miRNAs can be released into the blood circulation, and cell-free miRNAs are present in human plasma and serum in a remarkably stable form. [5] [6] [7] Additionally, cell-free miRNAs have also been discovered in a variety of other biological fluids, including cerebrospinal fluid, urine, and saliva.
Circulating miRNAs as diagnostic biomarkers miRNAs in cancer diagnosis
Despite a substantial effort and tremendous progress in a fight against cancer, it continues to be an enormous public health challenge worldwide due to increasing incidence and rising cancer-related death, 8 including adolescent cancer. 9 It is predicted that the number of numbers deaths will increase among men and women, and cancer will become the leading cause of death by 2020 in the United States. 10 This signifies the importance of the research focusing on uncovering the underlying mechanisms of cancer initiation and progression and discovery of novel diagnostic approaches for an early cancer detection.
Since the first report in 2002 on the down-regulation of miR-15 and miR-16 in chronic lymphocytic leukemia, 11 extensive data have demonstrated that the expression of miRNAs is profoundly altered in all types of human cancers. 12 In tumors, miRNAs can act as oncogenes or tumor suppressors, and altered expression of miRNAs has been associated with every aspect of tumor biology. 12 This suggests that altered expression of miRNAs may not only be a key pathophysiological component associated with tumor development, but also as a useful biomarker for cancer detection. Typically, cancer diagnosis is based on imaging, biopsy, and a few serological cancer biomarkers; however, biopsy poses a substantial danger to a patient, and bloodbased biomarkers exhibit low specificity and sensitivity. Additionally, all of these approaches are not always cancer type or subtype oriented. In contrast, the analysis of circulating tumor cells and circulating cell-free tumor DNA and RNA, including miRNAs, in cancer patient blood, termed ''liquid biopsy'' has shown immense diagnostic potential. 13 Over the past several years, numerous clinical studies have focused on the discovery and identification of circulating miRNAs associated with various types of cancer.
14 The diagnostic value of circulating miRNAs has been reported for chronic and acute leukemia (e.g. miR-26a, miR-29, miR-34a, miR-150, miR-155, miR181b-5p, miR-210, miR-221, miR-222, miR-223, miR-328, miR-339, miR-342, miR-375, miR-511, and miR-523), 15 breast cancer (e.g. miR-155 and miR-181a-5p), 16, 17 nonsmall-cell lung cancer (e.g. miR-7, miR-25, miR-193a-3p, miR-214, and miR-483-5p), 18 and other human cancers. In general, miRNAs, detected in plasma and urine, may have a greater sensitivity as compared to other diagnostic markers. Indeed, Lai et al. 19 have reported a superior effectiveness of circulating miRNAs in diagnosing pancreatic ductal adenocarcinoma than glypican-1 and cancer antigen , the only U.S. Food and Drug Administration (FDA)-approved biomarker of pancreatic ductal adenocarcinoma. However, one of the major obstacles limiting the use of miRNAs as a diagnostic tool in the clinic setting is associated with the fact that altered level of the same miRNA is detected in patients with different tumor types. For example, the increased serum level of miR-21, one of the most studied miRNAs in human cancers, has been found in patients with colorectal, 20 lung, 21 breast, 22 prostate, 23 liver, 24 esophageal, 25 and endometrial 26 cancers. In contrast, it has been suggested that a panel of selected miRNAs that contains tissue-specific miRNAs may have a greater targetorgan specificity and better diagnostic value than a single miRNA or well-established clinical biomarker. This can be illustrated by the report of Lin et al. 27 who have demonstrated a greater sensitivity of a serum miRNA classifier panel containing of seven miRNAs, miR-29a, miR-29c, miR-133a, miR-143, miR-145, miR-192, and miR-505, to detect hepatocellular carcinoma, especially small size or early-stage hepatocellular carcinomas, than a-fetoprotein. Likewise, a panel of circulating miRNAs, miR-15b, miR-17, miR-21, miR-26b, and miR-145, has a greater value as diagnostic biomarker for colorectal cancer, than single miRNA. 28 Additionally, circulating miRNAs can be used not only for cancer detection, but also for diagnosis of cancer stratification. For example, Toiyama et al. 29 have demonstrated that the level of miR-200c in serum in patients with stage IV colorectal cancer was significantly greater than in patients with stage I-III.
miRNAs in cardiovascular disease diagnosis
Despite a decrease in the number of heart disease-associated deaths from 1968 to the present the United States, 10 cardiovascular disease, especially acute coronary syndrome (ACS), remains one of the leading causes of mortality. Evidence accumulated over the past decade has established a key role of miRNAs in the pathogenesis of a number of cardiovascular diseases. 30, 31 In clinical setting, early diagnosis and differential diagnosis of ACS, which consists of ST-elevated myocardial infarction (STEMI), non-ST-elevated myocardial infarction (NSTEMI), and unstable angina pectoris (UA), is critical for the determination of optimal treatment tactic. 32 The clinical diagnosis of ACS is based on (i) clinical symptoms; (ii) ST-segment elevation and Q-wave abnormalities on the electrocardiogram; and (iii) changes in blood biomarkers, especially in cardiac troponin levels. 32 In light of this, the evaluation of circulating cardiomyocyte-specific miRNAs has been proposed as novel attractive diagnostic markers. An extensive systematic review of 52 independent studies investigating the potential diagnostic utility of circulating miRNAs in cardiology has identified that individual circulating cardiomyocyte-enriched miRNAs, miR-1, miR-133a, miR-133b, miR-145, miR-208a, miR-208b, and miR-499, may have diagnostic potential for coronary heart disease 33 ; however, it is still lower as compared to that in cardiac troponin. 34 Furthermore, the diagnostic accuracy of miRNAs in diagnosis of ACS and differential diagnosis of ACS pathological forms (e.g. STEMI, NSTEMI, and UA) is contradictory and requires future investigation. 35, 36 Additionally, it has been suggested that new miRNA biomarker searches should focus not on areas where well-performing, established diagnostic markers exist, 30 but on unmet clinical needs, such as prediction of myocardial infarction. For example, in a prospective study on circulating miRNAs and risk of myocardial infarction, Zampetaki et al. 37 have demonstrated that an addition of miR-126, miR-197, and miR-197 to a base model of the Framingham Risk Score for hard coronary heart disease substantially improved the predictive power. Importantly, this report, similar to study by Lin et al. 27 on hepatocellular carcinoma, emphasized that a panel of circulating miRNAs has much greater diagnostic value than a single miRNA.
miRNAs in non-alcoholic fatty liver disease diagnosis
Nonalcoholic fatty liver disease (NAFLD), a liver component of the metabolic syndrome, is the most common cause of chronic liver diseases and a major health problem in the United States and Western countries. 38, 39 NAFLD is represented by several related liver disorders ranging from simple non-alcoholic fatty liver (hepatic steatosis) to nonalcoholic steatohepatitis (NASH) and cirrhosis. 38, 40 Uncomplicated hepatic steatosis is generally considered to be a benign form of NAFLD; however, approximately 30% of NAFLD individuals diagnosed with simple fatty liver will develop NASH, an advanced form of NAFLD, 39 which is associated with increased morbidity and mortality, and is the second cause of liver transplantation in the United States. 41 Additionally, available treatment options for NASH are limited and there is no drug approved by the FDA for NASH treatment. 38 This indicates a significance of the early identification of individuals with a high risk of developing NASH. Currently, liver biopsy remains ''the gold standard method'' for detecting NASH and evaluating the degree of liver injury; however, non-invasive serum diagnostic biomarkers have been also developed. Several studies have shown a marked increase in the levels of miR-21, miR-34a, miR-122, miR-192, miR-223, and miR-375 in serum of patients with NAFLD and NASH, [42] [43] [44] among which the levels of circulating miR34a, miR-122, miR-192, and miR-375 in NASH patients were substantially greater as compared to NAFLD patients. [42] [43] [44] This illustrates the potential value of circulating miRNAs not only for the detection of NAFLD but also for the differential diagnosis between NAFLD and NASH.
miRNAs in neurodegenerative disease diagnosis
The current diagnosis of Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis is mainly based on the clinical analysis of cognitive and motor features. Accumulated evidence has documented a great number of altered circulating miRNAs in neurodegenerative disease patients, indicating their potential diagnostic significance; however, a much smaller number of miRNAs retained their diagnostic value in independent studies. 45, 46 In particular, in a recent review article, Kumar and Reddy 46 analyzed the results of 12 studies that investigated the role of circulating miRNAs as biomarkers for Alzheimer's disease. Among 100 altered miRNAs, only six miRNAs, miR-9, miR-125b, miR-146a, miR-181c, let-7g-5, and miR-191-5p, were uniformly altered in multiple studies. 46 A study by Dong et al. 47 has illustrated a further significance of circulating miRNAs in diagnosis of neurodegenerative diseases. In particular, it has been shown that a panel of four decreased serum miRNAs, miR-141, miR-146b-5p, miR-193a-3p, and miR-214, permitted to detect Parkinson's disease at early stages of the disease development. 47 
miRNAs in other disease diagnosis
There is a fast-growing list of the original reports and review articles aimed to address the clinical value of circulating miRNAs in diagnosis of virtually all major human diseases, including infectious diseases, 48 diabetes mellitus and obesity, 49, 50 chronic kidney disease, 51 and autoimmune diseases. 52 The number of these studies is expected to grow. This indicates a great interest and substantial potential benefits of circulating miRNAs in clinical medicine, but it also illustrates an existence of an insufficient knowledge and a lack of conclusive information to clarify the role of circulating miRNAs in the disease diagnosis process.
miRNAs as indicators of drug toxicity
Safe medical treatment and drug toxicity represent an important and growing public health problem worldwide. This is evidenced by the fact that nearly one-third of drug candidates fail due to toxicity issues, and that adverse drug reactions, especially hepatotoxicity and cardiotoxicity, cause a substantial rate of hospitalizations, serious financial burden, and are the major cause for withdrawing drugs from the market. 53, 54 In a clinical setting, the diagnosis of drug-induced organ toxicity is based on clinical symptoms and well-established diagnostic tests. For example, the standard clinical biomarkers for the assessment of hepatotoxicity are serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase, and bilirubin 55 ; however, despite the well-accepted clinical value of these biomarkers, they appear, at times, only when tissue damage is irreversible, provide little or no insight into mechanisms of hepatotoxicity, and, in some cases, have limited prognostic value.
In order to overcome these limitations, a number of studies investigated the role of circulating miRNAs as biomarkers of drug-induced organ injury, especially liver, in the clinical setting. Acetaminophen, a widely used over-thecounter analgesic and antipyretic drug, is the most common cause of liver toxicity. Among approximately 2000 patients who experience acute liver failure in the United States each year, acetaminophen is responsible for nearly 45% of cases. 56 In a pioneering study, Wang et al. 57 using acetaminophen overdose-induced liver injury in mice have demonstrated a significance of circulating liver-enriched miR-122 and miR-192 in the diagnosis of drug-induced hepatotoxicity. This was evidenced by dose-dependent alterations in the levels of miR-122 and miR-192 in plasma that paralleled with the serum ALT level and the extent of liver histopathology. Several subsequent clinical studies have investigated the diagnostic potential of circulating miRNAs, especially liver-enriched miR-122 and miR-192, as biomarkers of acetaminophen hepatotoxicity in humans. 58, 59 Starkey Lewis et al. 58 have reported that the levels of plasma miR-122 and miR-192 were increased in 53 adult patients with acute liver injury induced by acetaminophen, 58 and Antoine et al. 59 demonstrated that plasma miR-122 is a more sensitive indicator than ALT in identifying acetaminophen-induced acute liver injury in humans. These findings were confirmed in a later study demonstrating that an elevation of circulating miR-122 in patients with acetaminophen overdoses preceded changes in the standard clinical biomarkers and was more sensitive than ALT at hospital presentation. 60 However, an increase of plasma miR-122 accompanied by ALT and AST elevation has been reported also in individuals after the treatment with non-hepatotoxic drugs, e.g. a cholesterol lowering drug cholestyramine and heparins. 61, 62 In light of this, a panel of miRNAs may have a greater specificity. Indeed, Ward et al. 63 have reported that a panel of serum classifier miRNAs consisting of miR-122, miR-27b, and miR-21 exhibited a greater diagnostic value as compared to a single miRNA, preceded ALT rise, and differentiated acetaminophen hepatotoxicity from ischemic hepatitis. Likewise, in a recent separate study, Krauskopf et al. 64 demonstrated a minimal overlap in unique circulating miRNA signatures between several liver pathological states, including acetaminophen-induced liver injury, hepatitis B infection, liver cirrhosis, and type 2 diabetes, while the level of ALT was elevated uniformly in all conditions.
In addition to drug-induced hepatotoxicity, there is a fast growing number of studies aimed to address the clinical value of circulating miRNAs in the diagnosis of druginduced injury of other organs, including kidney toxicity and cardiotoxicity 65, 66 ; however, these studies are still in their infancy.
Circulating miRNAs as prognostic biomarkers
In addition to the diagnostic potential, circulating miRNAs exhibit much greater value as monitoring and prognostic biomarker. Several studies have investigated the potential significance of circulating miRNAs a prognostic biomarker in several major human cancers. Specifically, it has been demonstrated that high serum miR-200c and miR-885 positively correlated with lymph node and distant metastasis and independently predicted prognosis in patients with colorectal cancer. 29, 67 In addition to miR-200c, Maierthaler et al. 68 have reported that an increased level of miR-122 in colorectal cancer patients was associated with a metastatic colorectal cancer subtype, shorter relapse-free survival, and overall survival for non-metastatic and metastatic cancer. Similar finding of the potential prognostic value of circulating miRNAs has been demonstrated in patients with several major human cancer types, including leukemia, lung, breast, prostate cancers, and multiple myeloma. 15, [69] [70] [71] [72] In particular, Madhavan et al. 71 have reported that the levels of miR-200a, miR-200b, miR-200c, miR-210, miR-215, and miR-486 were associated with an overall survival and highly associated with an onset of metastasis up to two years prior to a clinical diagnosis in breast cancer patients. Additionally, there is growing evidence that circulating miRNAs can be used not only as prognostic biomarkers, but also as indicators of therapeutic efficacy.
Similarly to oncological diseases, several reports have demonstrated a great value of miRNAs as monitoring and prognostic biomarkers for non-neoplastic diseases, especially cardiovascular disease. [73] [74] [75] [76] In a recent study, Karakas et al. 73 have reported that circulating miRNAs miR-132, miR-140-3p, and miR-210 in a cohort of 1112 patients with documented coronary artery disease consisting of 430 patients with ACS and 682 patients with stable angina pectoris, during a median follow-up of 4.0 years, precisely predicted cardiovascular death in ACS patients. In three separate studies, it has been demonstrated that circulating miRNAs improved the prediction of adverse cardiovascular outcome in patients after acute myocardial infarction (miR-16, miR-27a, miR-101 and miR-150), 74 STEMI (miR-26b-59, miR-320a, and miR-660-5p), 75 and acute heart failure (miR-423-5p). 76 
Conclusions, challenges, and perspectives
Accumulated up-to-date extensive evidence has established the importance of miRNAs in the pathogenesis of many major human diseases and has indicated the potential significance of evaluation of circulating miRNA profiling diagnosing disease, monitoring disease progression, and evaluating treatment efficiency. The discovery in 2008 that miRNAs are present in human plasma and serum in stable form resulted in intensive research on the usefulness of circulating miRNAs for diagnosis of various human diseases, especially cancer. However, despite the research effort, at present, circulating miRNA research is still in its infancy and has not resulted in highly specific and validated disease markers. [77] [78] [79] Currently, fulfilling the diagnostic promise of stable miRNAs in circulation has remained a work in progress, in both cancer and non-neoplastic disease studies, and circulating miRNAs have not yet entered the field of clinical medicine. Commonly reported miRNAs as disease biomarkers are largely not disease-specific and the results are often contradicting in independent studies. A limited overlap has been observed between the findings of even very similar studies of the same disease. This is largely due to flaws in study design, a small number of participants, or unstandardized (e.g. different age, sex, length of disease, etc.) participants, a wide range of confounding factors, conditions and outcomes, and methodological issues. To improve the diagnostic value of circulating miRNAs, the following several major issues need to be addressed.
Pre-analytical study design
One of the major shortcomings in the majority of up-to-date studies is a relatively small number of participants, which causes a substantial variation and inconsistency in results. In light of this, well-designed and controlled multicenter studies of the same disease are in a better position to improve the diagnostic value of circulating miRNAs over studies conducted by individual investigators. Specifically, the multicenter studies allow recruiting a much greater number of participants that allows assembling them better according to age, sex, specific stage and length of disease, and minimize the influence of uncontrollable confounding factors, not directly related to specific disease, e.g. lifestyle factors, presence of other pathologies, and existing patient medications. Additionally, this approach will have great positive effect on optimization and standardization procedure of collecting and handling biological samples, their storage, sample processing, and subsequent analysis as highlighted in great details by Khan et al. 80 miRNA classifiers versus single miRNA
In general, the diagnostic value of miRNA panel may be higher than of a single miRNA, because the same single miRNA might be altered in different unrelated diseases. However, investigations focusing on the discovery of unique disease-specific miRNAs should not be disregarded. For example, it has been demonstrated that elevated circulating miR-195 differentiated breast cancer from control and other types of cancer, including prostate, colon, and renal cancer and melanoma, with great sensitivity and specificity. 81 
Analytical challenges
There is a lack of consensus on a number of miRNA analysis-related methodological questions, including extraction of miRNAs, detection, and normalization methods. Currently, at least three different detection approaches, including PCR amplification-based methods, miRNA microarrays, and miRNA-Seq, are employed for analysis of circulating miRNAs. While miRNA microarrays and miRNA-Seq methodologies provide ''hypothesis-free'' identification of small non-coding RNA species, including miRNAs, piRNAs, snoRNAs, and tRNA-derived fragments, and pose a great potential in the discovery of new disease-related miRNAs in the experimental setting, it is highly unlikely, at least for now, that these techniques can be used in clinics because of time-, cost-, and labor-related issues. In contrast, quantitative RT-PCR amplificationbased methods, which are already routinely used in clinics, represent a balance of cost, precision, and sample size in miRNA profiling and validating the results obtained by other methods, and have a greater potential for analysis of circulating miRNAs in a clinical setting. Currently, several different miRNA platforms and methodologies are commercially available for routine analysis of circulating miRNAs. Experimental work focusing on the investigation of reproducibility, comparability, and reliability of these RT-PCR amplification-based methods for analysis of circulating miRNAs is needed to advance the use of miRNA evaluation in the disease diagnostic process. Additionally, normalization of the data and absolute, not relative, quantification of the amount of altered miRNAs are other key issues hammering the translation of basic research of circulating miRNAs into the clinic.
Circulating miRNAs hold great promise as cancer and non-neoplastic disease diagnostic and prognostic biomarkers. However, as has been discussed in this review, the development and the application of standard operating procedures related to all aspects of circulating miRNAs analysis, their proper standardization and validation are required before translation into clinical practice and successful translation of miRNA profiling into clinically meaningful tests. One of the approaches that hold a huge diagnostic potential in the enhancing disease diagnostic is the integrative analysis of circulating miRNAs with already verified and established diagnostic markers.
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